MCAK Is a Depolymerase
To measure the kinetic parameters associated with MCAK-mediated depolymerization, we used turbidity, the absorbance at 350 nm, to assay the amount of polymerized tubulin. Because MTs scatter light much more strongly than free tubulin dimers, the turbidity of a solution is expected to be proportional to the amount of polymer and independent of the length of the polymers, provided that their lengths are ϾϾ /2 ϭ 56 nm ( is the wavelength of the light) (Berne, 1974). We confirmed menting the MTs and measuring their length distribution shrinkage rate of 0.95 Ϯ 0.10 m/min per MT, which corresponds to 28 tubulin dimers per second per MT. using fluorescence microscopy ( Figure 1D, inset) .
When MCAK was added to a solution containing MTs This is in close agreement with the depolymerization rate measured in the microscopy assay ( Figure 1B ). and ATP, the turbidity decreased approximately exponentially over 10 min ( Figure 1C) . A control showed that
The data shown in Figure 2A accord with the expectation that MCAK has its depolymerase activity at the ends there was little decrease in turbidity in the absence of MCAK ( Figure 1C ). Addition of CaCl 2 , which is known to of MTs, rather than on the lattice. If MCAK acted on the MT lattice then we would expect the depolymerization depolymerize MTs (O'Brien et al., 1997; Muller-Reichert et al., 1998), did not lead to a further decrease in turbidity rate to saturate when the lattice tubulin was saturated, which would require 300 nM MCAK. Instead, depolymerin the MCAK trace, even though it rapidly decreased the turbidity in the control trace ( Figure 1C ). Finally, a ization saturates at 4 nM MCAK. Furthermore, the halfmaximal rate of depolymerization occurred at 1.6 Ϯ 0.2 spindown assay confirmed that the total amount of tubulin polymer decreased in proportion to the turbidity nM MCAK, indicating that MCAK must have a high affinity for MT ends. signal ( Figure 1D (1) ( Figure 2B ). The initial rate was used to minimize the contribution from any possible repolymerization of tubulin dimers released during the reaction and also to minimize the effect of the turbidity artifact that occurs k on is the second order on-rate constant for association of MCAK to the binding sites; MCAK could target the after 1000 s ( Figure 1C ). Because the concentration of MTs was known from the spindown assay, the initial site directly from aqueous solution or indirectly via the MT lattice. k off is the off-rate constant for dissociation rate of polymer loss could be expressed as the average shrinkage rate of individual MTs.
of MCAK from the binding site; MCAK could leave on its own or in a complex with a tubulin dimer. The constant K The initial rate of depolymerization depended on the MCAK concentration according to a sigmoidal curve. At corresponds to the concentration of binding sites necessary for half-maximum MCAK binding (and thus halflow concentrations, the depolymerization rate increased approximately with the square of the MCAK concentramaximal depolymerase activity). If MCAK were in thermodynamic equilibrium with its binding sites, then k on tion (Hill coefficient ϭ 1.6, 1.9, and 2.6 for the three curves shown in Figure 2B ). This indicates that there and k off would correspond to a reversible reaction and K would be the dissociation constant (according to the may be some cooperativity; for example, a few MCAKs per end may be required before any significant depolydefinition in Smith, 1997 x value at which a half-maximum value is obtained, and n is the Hill tubulin in the lattice must be Ն100 nM (100 ϫ 1 nM). coefficient (n ϭ 1.6, ᭡; 2.6, ᭹; 1.9, nM of GMP-CPP-tubulin polymer in 250 M ATP, we observed a fast initial rate of P i release ‫6ف(‬ nM·s
Ϫ1
) of duration ‫0001ف‬ s, followed a slower steady-state rate that depolymerization was Ͼ90% complete after 600 s and Ͼ99% complete after 3000 s. Because the initial of P i release ‫31.0ف(‬ nM·s Ϫ1 ) ( Figure 3A) . The time course of the initial phase closely matched the time course of phase depended on there being MTs present, we believe that it corresponds to MT-stimulated ATPase activity. depolymerization ( Figure 3B) ; when appropriately scaled, the amount of phosphate released from ATP (large This is further supported by the observation that when the concentration of polymerized tubulin was increased, squares) could be superimposed on the amount of tubulin released from MTs. A spindown assay confirmed the ATPase rate also increased ( Figure 3C ).
should increase until the MCAK concentration exceeds Figure 3A is due to an ATPase activity stimulated ing one high-affinity binding site per protofilament end by free tubulin dimers. This is based on the following which, when filled with MCAK, has the ATPase activity. observations. (1) There are no MTs present during the In the second experiment, we increased the concenslow phase, so the ATPase cannot be due to lattice or tration of MT ends, without changing the total concenends. (2) The slow phase is not due to MCAK's basal tration of tubulin polymer, by shearing the MT solution. ATPase activity. In the absence of any tubulin, the ATPIf MCAK has an end-stimulated ATPase, the sheared ase is 0.014 Ϯ 0.003 s Ϫ1 per MCAK (mean Ϯ SE, n ϭ 2), MTs should lead to a higher ATPase rate than the untoo low to account for the slow phase ( Figure 3A) . (3) sheared MTs. The result accorded with this expectation In the presence of 300 nM GMP-CPP tubulin (maintained ( Figure 4C ). In the presence of unsheared GMP-CPP as free dimer by the addition of 5 mM CaCl 2 ) and 25 nM MTs, the initial hydrolysis rate was 1.38 Ϯ 0.18 s Ϫ1 MCAK, the ATPase rate was 0.052 Ϯ 0.004 s Ϫ1 per MCAK (mean Ϯ SE, n ϭ 4) per MCAK; after shearing, the initial (mean Ϯ SE, n ϭ 2), similar to the slow phase of the rate increased to 2.92 Ϯ 0.22 s Ϫ1 (mean Ϯ SE, n ϭ 4) ATPase seen in depolymerization reactions after the loss per MCAK. Electron microscopy showed that shearing of 300 nM GMP-CPP polymer was complete (0.06 s Figure 3A) . course of the hydrolysis curve depends on the length These results ( exclude a lattice-stimulated activity.
MCAK Hydrolyzes Multiple ATPs for Each Tubulin MCAK Has an End-Stimulated ATPase Activity
The ATPase activity of MCAK could be stimulated by Dimer Removed from the Polymer Surprisingly, we found that MCAK hydrolyzes ‫5ف‬ ATP the MT lattice or it could be stimulated by the MT ends. Or it could be stimulated by both. In order to distinguish for each tubulin dimer that it removes from a GMP-CPP MT. A stoichiometry of five is evident from the scaling between these possibilities, we did two additional sets of experiments.
in Figure 3B that was necessary to superimpose the P i and tubulin dimer release curves. It can also be obtained the total number of P i released (during the depolymerizadowns performed during steady-state hydrolysis confirmed that depolymerization was complete in all reaction phase) by the total number of tubulin dimers removed. Because the latter estimate is independent of tions (Յ5% polymer remaining after 3000 s) except at the lowest MCAK concentration (at 1 nM, 25% of the the MCAK concentration, the stoichiometry is a robust measurement.
polymer remained at 3000 s). At the highest concentration of MCAK tested (25 nM), the stoichiometry during The requirement of five ATPs to remove one tubulin dimer was not expected. To make sure that this high the depolymerization phase was 30 ATP hydrolyzed per tubulin dimer removed ( Figure 4D) . However, at lower stoichiometry was not due to the particular conditions used in Figure 3A , we measured the amount of ATP MCAK concentrations the stoichiometry remained constant at five ( Figure 4D ). hydrolyzed during the depolymerization of a fixed amount of GMP-CPP-tubulin polymer over a wide range
The stoichiometry of five is not due to additional rounds of ATP hydrolysis associated with removing of MCAK concentrations ( Figure 4D ). Quantitative spin-GMP-CPP dimers that reassociated with the MTs after their initial removal. When such reassociation was blocked by adding 20 M GDP, a condition in which polymerization is strongly inhibited because GDP displaces GMP-CPP from the free dimer (Caplow et al., 1994), a high stoichiometry was still observed (data not shown).
Combining the maximum tubulin dimer dissociation rate of 1 s Ϫ1 per MCAK with the stoichiometry of five ATPs hydrolyzed per tubulin removed, we deduce a maximum GMP-CPP-MT stimulated ATPase rate of 5 s Ϫ1 per MCAK (Table 2 ). This is similar to the maximum ATPase rate of 3.4 s Ϫ1 estimated from the data in Figure 3C . Because the former estimate of the maximum ATPase rate is independent of the MCAK concentration, the agreement with the latter estimate confirms that the MCAK concentration was correctly measured. Figure 4D ). The lattice-stimulated ATPase rate can be estimated from the data in Figures 4A and 4B ; at 25 nM MCAK the ATPase rate is 1.5 s Ϫ1 and if the component due to the end-stimulated ATPase is subtracted, we obtain a value of 1 s Ϫ1 per MCAK for the lattice-stimulated ATPase.
Effect of Ionic Strength on the ATPase and Depolymerase Activities of MCAK In addition to an end-stimulated ATPase activity, MCAK has an additional MT-stimulated ATPase that we attribute to stimulation by the MT lattice. This ATPase is observed when the MCAK concentration is in excess of the concentration of end binding sites (Figures 4A and 4B). When the lattice-stimulated ATPase is high, the stoichiometry is high (ϾϾ5) showing that this ATPase is not tightly coupled to depolymerization (
Adding salt decreased the lattice-stimulated ATPase. In buffer that is optimal for depolymerase activity (BRB80 plus 75 mM KCl), 25 nM MCAK has a large lattice-stimulated ATPase ( Figure 4A ) and the stoichiometry is equal to 30 ( Figure 4D ). However, when the salt was increased (BRB80 plus 150 mM KCl), the amplitude of the initial phase of phosphate release decreased to a Because the maximum dimer off-rate is 1 s Ϫ1 , the maximum ATPase rate would be ‫7ف‬ s Ϫ1 (assuming that it takes only a few seconds for the MCAK to motor to the end of the MT). This calculation shows that the stoichiometry and the ATP rate are not inconsistent with motor activity. Instead, it is the shearing experiment that provides the strong argument against MCAK being a motor. After shearing, the MTs are shorter and therefore it should take less, not more, ATP for a motor to reach the end. If MCAK were a motor, we would expect a 2.5-fold decrease in the total ATP hydrolyzed when the MTs are reduced in length from 3 to 1 m; instead, the total P i released increases (Figure 4C) .
MCAK May Target Microtubule Ends by Diffusion along the Microtubule Lattice
We propose that MCAK rapidly targets MT ends by using a two-stage mechanism: first MCAK binds to the MT lattice, and then it diffuses along the lattice before being captured at a protofilament end ( Figure 6A ). This proposal is based on three lines of evidence.
(1) Direct microscopic observations show that MTs undergo onedimensional diffusion on surfaces coated with MCAK. The diffusion coefficient of 7000 nm 2 ·s Ϫ1 measured in Figure 5 can quantitatively account for the high on-rate.
The diffusive movement of MCAK between tubulin If MCAK remains weakly bound to the lattice for 1 s dimers on the MT lattice cannot be coupled to ATP during a diffusive encounter with the MT, then it will hydrolysis. If it were, the ATPase rate would be much cover an area of ‫0082ف‬ nm 2 (assuming that MCAK can higher than observed because, on average, MCAK samswitch protofilaments), and so will visit ‫07ف‬ tubulin diples a new tubulin dimer every few milliseconds and mers. This significantly increases the probability of findthis would lead to an ATPase rate of Ͼ100 s Ϫ1 . Instead, ing a protofilament end. The acceleration of the targeting the small lattice-activated ATPase rate of 1 s Ϫ1 may be rate would be even greater if the single-molecule diffulinked to the dissociation of MCAK from the lattice which sion coefficient is greater than 7000 nm 2 ·s Ϫ1 , which is terminates the diffusive encounter. likely because the MT in Figure 5 was held by several MCAK molecules.
A corollary of our lattice-diffusion model is that any- (Table  kinesins bind sured for taxol-stabilized MTs was only two (data not shown), as might be expected from the lower stability A Crossbridge Model for Kin I Kinesins of taxol-MTs over GMP-CPP MTs. It is even possible Our data suggest that MCAK interacts with the MT lattice that MCAK requires only one ATP to remove a GTPand ends as shown in Figure 6A . We propose that these dimer from the end of a dynamic MT. interactions are coupled to the ATP hydrolysis cycle Our proposed ATP hydrolysis cycle is meant to serve according to the model shown in Figure 6B . First, we as a working model that illustrates how a hydrolysis postulate that Kin I kinesins, like other kinesins, release scheme that drives a motor might be turned into one ADP upon binding to the MT. Though there is no direct that drives a depolymerase. evidence for this, it is supported by the observation that MCAK binds uniformly to the MT lattice, and not preferentially at the ends, in the absence of nucleotides We postulate that diffusion on the lattice occurs either (1998) . Because MCAK is a dimer (Maney et al., 1998) , the concentration refers to dimers and was determined as half the concentration in the ATP state or the ADP-P i state. The preferential
